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Classic studies have shown that the presomitic mesoderm is already committed to a specific morphological fate, for
example, the ability to generate a rib. Hox gene expression in the paraxial mesoderm has also been shown to be fixed early
and not susceptible to modulation by an ectopic environment. This is in contrast to the plasticity of Hox expression in
neuroectodermal derivatives. We reexamine here the potential of somites for morphological plasticity by transplanting the
cranial (occipital) somites 1–4, that normally produce small contributions to the skull, to the trunk of avian embryos.
Surprisingly, the transposed cranial somites are able to form reasonably normal vertebral anlage. In addition, the cranial
somitic mesoderm produces intervertebral disks, structures not normally found in the skull. These somites are however
unable to generate some elements of the vertebrae, such as the costal process. In contrast to the morphogenetic plasticity
of the occipital somites, their characteristic inability to support survival of dorsal root ganglia was not significantly modified
by posterior transplantation. Dorsal root ganglia initially developed and then degenerated with the same morphological
stages as normally observed. In striking contrast to the plasticity of morphology, we found that all four members of the of
the fourth paralogous group of Hox genes that are expressed endogenously at the level of the graft are not upregulated in the
caudad-transposed cranial mesoderm. It therefore appears that genes other than those of the Hox family normally expressed
at this axial level control the position-specific morphogenesis of ectopic vertebrae formed from cranial somites. In
evolutionary terms, the present results imply that occipital somites that were incorporated into the “New Head” retain the
ability to develop according to their original morphogenetic fate, into vertebrae. © 1999 Academic PressKey Words: somites; plasticity; Hox genes; vertebra; morphogenesis; avian chimeras.
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The positional identity of the repeating metameric units
of metazoans is thought to be specified by the combinato-
rial expression of genes from the Hox family of homeobox-
containing genes (reviewed in McGinnis and Krumlauf,
1992; Krumlauf, 1994). One tissue in which this hypothesis
has been extensively tested experimentally is the mouse
vertebral column. Changing the normal expression of Hox
genes in transgenic mice by overexpressing or “knocking-
out” their function, as well as modulating Hox expression
ith retinoic acid, suggests that a “Hox code” (Kessel and
russ, 1991) is responsible for the specific morphogenetic
attern of the vertebrae from the sclerotome at each rostro-
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All rights of reproduction in any form reserved.audal level of the body axis. Hox expression in the paraxial
esoderm begins early, before the formation of somites.
he expression of Hox genes in the paraxial mesoderm is
pparently not susceptible to inductive or repressive signals
y neighboring tissues when transplanted to ectopic posi-
ions. Transpositions of neural tube or somites do not result
n modification of mesodermal Hox expression. This is in
ramatic contrast to the experimentally induced plasticity
f Hox genes in the neuroectoderm, in both CNS (Grapin-
otton et al., 1995, 1997; Itasaki et al., 1996) and neural
rest (NC) (Saldivar et al., 1996) derivatives (see discussion).
Classic transplant studies have demonstrated that there
s early axial-level-dependent morphogenetic specification
f paraxial mesoderm. Thoracic somites or presomitic seg-
ental plate transplanted to the neck give rise to ectopic
ibs, while transplantation of cervical somites to the chest
esults in missing ribs (Kieny et al., 1972; see also Goldstein
nd Kalcheim, 1992). Similarly, the development of the
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508 Kant and Goldsteindorsal root ganglia (DRG) is strongly influenced by axial-
level character of the sclerotomal environment in which
they develop (Goldstein et al., 1995). These results are
onsistent with the early specification of somitic axial
dentity by a Hox code.
The first four somites in avian (and mammalian) embryos
re different from those of the trunk in that they give rise to
ccipital portions of the skull and not vertebrae (Couly et
l., 1993). The metameric dorsal root ganglia that develop
n the sclerotomes of the cranial somites of amniotes are
lso unusual, in that they degenerate early in embryogen-
sis (Lim et al., 1987; Kuratani et al., 1988; Rosen et al.,
1996). Members of the three first paralogous groups of Hox
genes are expressed in the occipital somites, and by analogy
with trunk somites, Hox expression patterns are thought to
be involved in the determination of their position-based
morphogenesis. Indeed, striking changes in the derivatives
of occipital somites have been observed in mice transgenic
for Hox genes (i.e., Kessel et al., 1990), or treated in utero
with retinoic acid (Kessel and Gruss, 1991). Some of these
studies have also noted changes in the development of the
transient DRG of the cranial somites, the Frorieps’ ganglia
(i.e., Kessel and Gruss, 1991; Charite et al., 1994).
In this study we have tested the morphogenetic potential
of cranial somites when transplanted caudad to the neck in
avian embryos. We have confirmed that some somitic
properties, such as the inability to support DRG survival,
are fixed by the segmental plate/epithelial somite stage.
Surprisingly, we found that occipital somites are able to be
instructed by their new environment. They can produce
vertebral structures, as well as intervertebral disks. This
modified morphogenesis is not accompanied by expression
of any member of the fourth paralogous group of Hox genes
that are all expressed in normal somites that give rise to
vertebrae and intervertebral disks, as might be predicted
from the hypothesis that a Hox code is solely responsible
for the establishment of axial pattern in the vertebral
column.
MATERIALS AND METHODS
Embryonic Surgery
Fertile chick eggs were incubated to the 10- to 13-somite stage,
and quail eggs to the 2- to 4-somite stage. The two most recently
formed somites were removed from the chick hosts and replaced
with either two somites or the equivalent length of segmental plate
from the quail donor (Fig. 1A). Rostral–caudal and dorsal-ventral
orientation were maintained by leaving a small piece of interme-
diate mesoderm and/or endoderm attached when transplanting
somites. When unsegmented mesoderm equivalent to somites 3
and 4 was used as donor tissue, the posterior boundary of the donor
mesoderm was cut diagonally in order to maintain orientation. The
eggs were sealed with transparent tape and returned to the incuba-
tor for 1, 2, or 5–7 days additional incubation.
Several control transplantations of trunk somites were also
performed. These included cervical (mesodermal segments 9–17)
somites/segmental plate to the level of the skull (mesodermal
Copyright © 1999 by Academic Press. All rightsegments 3 and 4), the brachial level (segments 21 and 22), and
isotopically to the cervical level. In addition, brachial mesoderm
corresponding to somites 21 and 22 were transplanted to the
lumbar (26–27) level of the axis.
Alcian Blue Whole Mount Staining of the Skeleton
Operated embryos that survived 5–7 days to Stages 30–36
(Hamburger and Hamilton, 1951) were simultaneously fixed and
stained in toto for cartilage with 80% ethanol/20% acetic acid and
0.015% alcian blue for 7–9 days. The embryos were then washed in
alcohols and cleared in xylene, Murray’s solution, or methyl
salicylate and photographed. Most embryos were then embedded in
paraffin and serially sectioned at 10 mm and stained with HNK-1
for delineating the nervous system, hematoxylin or nuclear fast red
for the quail nucleolar marker, and eosin to accentuate noncarti-
laginous tissues.
Nervous System Morphology
Chimeric embryos Stages 16–21 were fixed with Bouin’s, serially
sectioned at 6 mm, and immunostained with anti-HNK-1 to delin-
eate the nervous system. HNK-1 was detected with Texas red or
peroxidase-labeled antibodies, and the quail cells were detected
with Hoechst, hematoxylin, or anti-QCPN quail perinuclear
marker immunostaining. Double immunostaining was performed
using m-chain specific (HNK) and g-chain specific (QCPN) second-
ary antibodies.
Whole-Embryo in Situ Demonstration of mRNA
for Hox Genes
Embryos for in situ analysis were fixed 1 day (n 5 30) or 2 days
(n 5 4) after operation. Whole mount in situ hybridizations were
performed as described by Wilkinson (1993). Probes for avian Hox
b4, c4, and d4 are those used in Burke et al. (1995), and the probe
used for Hox a4 is described in Searcy and Yutzey (1998). All probes
recognized both chick and quail mRNAs in control embryos (not
shown). The Hox b4 probe used has previously been shown to label
both chick and quail mRNA at similar levels in chimeric embryos
(Grapin-Botton et al., 1997). Embryos were cleared in glycerol and
photographed with a stereomicroscope under dark-field illumina-
tion and embedded in paraffin. Serial 15-mm sections were stained
with the HNK-1 antibody for delineating the nervous system and
Hoechst nuclear stain or anti-QCPN for identifying the grafted
quail cells.
Since there is evidence that Hox expression is most important
near the rostral limit of its expression, we selected the genes of the
fourth paralogous group, homologous to the Drosophila deformed
gene. The rostral boundary of expression of Hox b4 and d4 in the
chick mesoderm is at (Burke et al., 1995) (or just rostral to
(Grapin-Botton et al., 1995) the boundary between the cranial and
runk somites (somite 7, Gaunt, 1994), while the rostral boundaries
f expression of Hox a4 and Hox c4 are a few somites more
osterior (somite 10) (Burke et al., 1995).
Digital Photography and 3D Reconstructions
of Serial SectionsColor images were made using a color CCD camera and a Snappy
video digitizer. Monochrome images were made using a using a
s of reproduction in any form reserved.
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509Morphological Plasticity of Transplanted Somitesmonochrome CCD camera and a Scion video-capture card with
NIH Image software. Serial sections were photographed digitally as
described above, and reconstructions made with the Surfdriver
software package. All images were edited using Paint Shop Pro
editing software.
RESULTS
Vertebrae Are Formed by Cranial Somites
Transposed to the Trunk
A series of embryos that received grafts of cranial somites
FIG. 1. Cranial somites transposed to the trunk contribute to ve
surgical manipulation used in this study. Pairs of cranial somites t
from two to four somite quail donors and implanted in place of epit
to the somites was taken, so as to retain rostrocaudal orientation
embryos Vertebral structures were formed by the implanted quai
abnormal (arrows). A small gap in the neural arch is clearly seen in
zone in the center of the vertebral column in (asterisk in B) correspo
sides of the chimera shown in F, respectively.were sacrificed on day E9 (Stages 35–36) (n 5 7). The
mbryos were stained in toto with alcian blue in order to
d
e
Copyright © 1999 by Academic Press. All rightxamine gross aspects of vertebral formation by the grafted
issue. Cranial somitic mesoderm in all chimeras partici-
ated in the formation of vertebra-like cartilage as shown in
igs. 1 and 2. These vertebrae were always somewhat
eformed, however. In most embryos, a hole or gap of
arying size was observed in the neural arches (Fig. 1B). In
ddition, the vertebral cartilage derived from the graft did
ot generate the costal process on the control, unoperated
ide (see below). Finally, the graft-derived cartilage often
used abnormally with more rostral and/or caudal cartilage
Figs. 1B and 1D).
In order to examine the derivatives of the graft in greater
ae I: E9 embryos stained in toto with alcian blue. (A) Diagram of
ormally contribute to the base of the skull (3 and 4) were removed
l cervical somites (i.e., 9 and 10). A small piece of mesoderm lateral
shown). (B, C, and F) Ventral views of the necks of three operated
nial somites, but the shapes of the hemivertebrae are somewhat
d the hemivertebrae are abnormally fused in D. The pale-staining
o the notochord. (D and E) Lateral views of the operated and normalrtebr
hat n
helia
(not
l cra
B, an
nds tetail, we sectioned some of the whole mount stained
mbryos. As was seen in the whole mounts, cartilage
s of reproduction in any form reserved.
510 Kant and GoldsteinFIG. 2. Cranial somites transposed to the neck contribute to vertebrae II: Cross-sections. (A–D) Photomicrographs of sections stained with
alcian blue to show hyaline cartilage, the HNK-1 antibody to delineate the nervous system, and nuclear fast red to distinguish between
grafted and host cells. (E and F) A section stained with alcian blue, hematoxylin and eosin; (G) a section stained with alcian blue, HNK-1,
nuclear fast red, and eosin. In A, a low-magnification section through the level of the graft shows the relative symmetry of the neural arch
and vertebral bodies on both sides of the embryo. Much of the costal process (cp) and transverse process (tp) that are present on the left,
control side of the embryo are missing from the vertebrae formed by the cranial somite on the right side. (B and C) The boxes in A at higher
magnification. The morphology of nuclei (open arrows) in the cartilage of the right, operated side (B, quail donor) and left control side (C,
chick recipient) are easily distinguished. (D) A section that includes part of the intervertebral disk. It is distinguished by the lack of alcian
blue-staining hyaline cartilage, but has the shape of the vertebral body. (Inset) The area enclosed by the box at higher magnification.
Intensely staining quail nucleoli are present both in the alcian blue-stained hyaline cartilage and in the intervertebral disk. In D–G, a dense
connective tissue (dct) structure forms with the shape of the neural arch from the cranial somitic mesoderm. This structure replaces the
neural arch (Na) in D and G, and in E completes it. Small gaps in the neural arch are present at this stage of development in normal
vertebrae, and G shows a cross-section through the level of such a gap. The tissue adjacent to the meninges on the left, control side of the
embryo is seen in the top left inset. This tissue is muscle (Mu) cut longitudinally, with typical eosinophilic cytoplasm and somewhat
elongated nuclei. In contrast, the tissue on the right, operated side is dense connective tissue, with sparse nuclei and distinct fibers (bottom
right inset). DRG, dorsal root ganglion; arrowheads, connecting nerve of sympathetic chain; SG, sympathetic ganglion; arrow, ventral root.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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511Morphological Plasticity of Transplanted Somitesformed from the cranial somites with more or less the shape
of a vertebra (Figs. 2 and 3). The quail cartilage joined the
host vertebrae rostrally, caudally, and contralaterally with-
out the evidence of a border or seam. The neural arch (see
below) and vertebral body formed from cranial mesoderm
were consistently very similar in form to their control
contralateral counterparts. As was observed in the cross-
sections, the costal process was missing from the quail-
derived hemivertebrae (Fig. 2A). In the sections, much of
the transverse process was found to be missing on the
operated side as well.
The sections revealed several interesting morphological
features that were not visible in the whole mounts. First,
much of what appeared as a hole or gap in the neural arch of
the vertebrae in whole mounts proved to be fibrous connec-
tive tissue (Figs. 2D–2G, bottom right inset in Fig. 2G). The
shape of the connective tissue mass often appeared to
complete the neural arch (Fig. 3). This observation was
made in all sectioned (n 5 5) embryos and on the operated
side only. On the normal side of the embryos (and in
unoperated embryos), the small gaps in the neural arch are
normally covered either by the axial musculature or small
areas of more cellular, loose connective tissue (Fig. 2G, top
inset). The presence of a noncartilaginous structure with
the shape of the neural arch suggests that the occipital
somites “attempted” to generate structure appropriate to
the level of the graft, even when it was composed of the
histologically inappropriate type of tissue.
Quail cells in all chimeras contributed, to greater or
lesser degrees, to the intervertebral (iv) disks. This structure
is composed of nonhyaline connective tissue (Goldstein and
Kalcheim, 1992) and consequently does not take up the
alcian blue stain (Fig. 2D, inset). By contrast, the four most
cranial somites when in situ give rise to elements of the
skull (Couly et al., 1993), where there are no iv disks. The
iv disks appeared to be somewhat less well developed on the
grafted side in most embryos (Fig. 3). The grafted somitic
mesoderm also contributed to axial muscle masses. It was
our subjective impression that there was more muscle
present on the grafted side, but we did not quantify this. We
also did not examine the shape of the muscles in a system-
atic fashion.
It is possible that the lack of costal and transverse
processes in the vertebrae formed from cranial somites
FIG. 3. A 3D reconstruction of the skeletal elements from a repr
f somites 10 and 11 reconstructed from serial sections. The reco
nd one caudal to the two-segment graft. Cartilage is shown in p
, the intervertebral disks composed of chick cells are shown in d
he most rostral disk shown is normal (white asterisk), while th
learly visible on the control side of the embryo and conspicu
omites. In the dorsal view shown in B, the structures that are
ertebral neural arch are indicated in gray. The neural arches on
f these structures (white stars). Distinct gaps in the dorsal aspect o
eural tube inside (Fig. 2G).
Copyright © 1999 by Academic Press. All rightbserved was an artifact of our surgery. This seemed un-
ikely, based on the transplants of trunk somites by Kieny
nd colleagues (1972) and transplants of half-somites (Gold-
tein and Kalcheim, 1992). In order eliminate this possibil-
ty, quail cervical somites were transplanted in place of
pithelial cervical somites of chick embryos (n 5 2). In
hese embryos, fully formed transverse and costal processes
ere formed (data not shown). No evidence was found for
eural arch-shaped structures composed of connective tis-
ue like those seen in the cranial–cervical grafts.
The ability of caudal somites to induce Hox genes in the
eural tube increases in a caudad gradient (Itasaki et al.,
996; Grapin-Botton et al., 1997). It is therefore possible
hat portions of the vertebrae missing in the cranial–
ervical grafts might be induced if the cranial somites were
ransposed to a more caudal position of the axis. To test this
ossibility, we transplanted somites 3 and 4 in place of the
egmental plate that gives rise to somites 21 and 22 at the
horacic level of the embryo. Vertebra-like structures were
btained very similar to those seen in the cranial–cervical
rafts (n 5 3, not shown). Specifically, the neural arch (both
artilaginous and dense connective tissue) and iv disks were
resent, while no transverse or costal processes were ob-
erved.
In summary, cranial somites transplanted to the level
f the trunk are induced by their environment to give rise
o vertebra-like structures with neural arches and iv
isks.
The Environment of the Head Does Not Inhibit
Vertebral Formation
A possible explanation for our results is that the cranial
somites normally contain a genetic program that enables
them to form simple vertebrae, but the environment of the
developing skull represses the formation of the neural arch
and iv disks. In order to attempt to address this possibility,
we performed the inverse graft to that described above,
implanting cervical somites in place of cranial somites 3
and 4 (n 5 4). Figure 4A shows a micrograph taken through
the graft in an E9 chimera. The hindbrain is evident, as is
the broad, flat basioccipital bone on the right, control side
of the embryo. The grafted somites produced a clear neural
tative E9 chimeric embryo that received somites 2 and 3 in place
uction spans most of four segments, one normal segment rostral
, and the neural tube is shown in light blue. In the ventral view,
lue, and the quail contribution (black asterisk) is shown in gray.
caudal has been distorted by the graft. Costal processes (cp) are
absent from the vertebral tissue formed by the quail cranial
osed of connective tissue (ct) that have the morphology of the
contralateral, control side of the embryo appear mirror imagesesen
nstr
urple
ark b
e one
ously
comp
the
f the vertebral column at this stage of development expose the
s of reproduction in any form reserved.
512 Kant and Goldsteinarch on the left side that almost completely enclosed the
brain unilaterally and a structure that resembled either the
transverse or the costal process. In other sections, iv disks,
that are not normally characteristic of the skull, could be
seen to be composed exclusively of grafted quail cells (not
shown). The portion of the pedicle that surrounds the
sympathetic chain in the neck, however, was not formed by
cervical somites transposed to the skull. Therefore, the
FIG. 4. Trunk somites transplanted heterotopically do not show
morphological plasticity. (A) Cervical paraxial mesoderm from
segments 11 and 12 was transplanted in place of cranial somites 3
and 4. This micrograph is through the hindbrain (HB). On the left,
operated side, a vertebra-like neural arch (NA), that almost reaches
the dorsal midline, has developed from the grafted tissue. A
structure reminiscent of the transverse process (TP) is also present.
On the right, control side, the basiooccipital bone has developed
normally. (B) Thoracic segmental plate from prospective segments
20 and 21 was implanted in place of thoracolumbar mesoderm of
segments 26 and 27. In this whole mount preparation of a Stage 30
embryo, an ectopic rib-like structure can be seen growing out from
vertebral column of this embryo on the right, operated side (arrow).
(B) Thoracic segmental plate from prospective segments 20–22 was
implanted in place of lumbar mesoderm of segments 27 and 28. In
this Stage 36 embryo, two small ribs are present between the spinal
column and the pelvic girdle on the operated side (arrows). The
seventh (most caudal) rib normally present in birds is labeled (7) in
B and C.environment of the cranial somites is permissive to the
formation of most elements of vertebrae.
Copyright © 1999 by Academic Press. All rightPlasticity of Cranial Somites Is Not the Result
of “Posteriorization”
In several recently published studies of rhombomere
development, it has been found that caudal tissues, both
neuroectodermal or mesodermal, have the ability to “pos-
teriorize” both Hox gene expression and cytoarchitectonics
of the hindbrain (i.e., Grapin-Botton et al., 1995; Itasaki et
al, 1996; Grapin-Botton et al., 1997). In these studies,
anteriorization, i.e., repression of Hox expression and ac-
quisition of anterior morphology, has not been observed.
Therefore, it is possible that the ability of cranial somites to
be transformed to vertebrae is an example of a general
phenomenon of posteriorization. However, many experi-
mental observations have demonstrated that this is not the
case.
First, in the classic study of Kieny et al. (1972), cervical
somites were transplanted caudad to the brachial (tho-
racic) region, and brachial somites were transplanted
rostrad to the neck. A posteriorization-only mechanism
would have predicted that ribs should have been induced
in the caudad-transplanted sclerotomes and that, per-
haps, rostrad-transplanted somites should have induced
additional ectopic ribs in the neck from the host meso-
derm. These results were not obtained in that study.
Rather, ribs were missing from the chest where the
cervical somites were implanted, and only the donor
brachial somites became ectopic ribs in the neck (with-
out affecting adjacent host somites). We have again
transplanted cervical paraxial mesoderm to the chest, but
instead of the six to eight segments replaced by Kieny et
al., we only transplanted two segments. This smaller
graft should have counteracted potential “community
effects” (see discussion in Couly et al., 1998) of moving
the large quantities (more than five segments) of tissue.
We found that ribs were missing unilaterally at the level
of the graft (n 5 3, not shown). Thus, caudalization of
paraxial mesoderm derived from segmental plate and
epithelial trunk somites does not occur with cervical
somites.
In order to further demonstrate this point, we have
performed an additional transplantation experiment, one
not done by Kieny et al. (1972). They had found that
brachial somites transplanted anteriorly to the neck gener-
ated ectopic ribs there and were not “anteriorized.” We
have now transplanted brachial segmental plate (from seg-
ments 20–22) caudad to the thoracolumbar region (somites
26–28) of the embryo, to see if they can be caudalized. The
brachial mesoderm gave rise to ectopic ribs at the level of
the pelvis (Figs. 4B and 4C), just as they do when trans-
planted to the neck. Again, this demonstrates that a general
process of posteriorization is not responsible for the plas-
ticity of the cranial sclerotomes we observed and that
morphological plasticity is an property limited to cranial
somites.
s of reproduction in any form reserved.
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Induced in Caudally Displaced Occipital Somites
A code of Hox expression is currently believed to give
somites the identity that is responsible for axial-level-
specific morphology of the vertebrae (i.e., Kessel and Gruss,
1990). We therefore examined the expression of Hox genes
that are normally expressed in the somites at the level of
the graft. The grafts were made about two to four segments
caudal to the rostral boundary of mesoderm expression for
the specific gene. For example, for testing Hox b4, whose
rostral mesoderm boundary is at somites 6 and 7, grafts
were made at the level of somites 9 and 10. We did not
perform the grafts precisely at their rostral expression
boundaries for two reasons. First, we wanted to give
somites on both rostral and caudal sides of the graft the
ability to affect morphogenesis/Hox expression in the donor
tissue. Second, since there is a putative rostrocaudal gradi-
ent of Hox-inducing ability (Itasaki et al., 1996; Grapin-
otton et al., 1997), placing the somites at the rostral end of
the expression domain would subject them to a weaker
inductive signal.
In all of the 16 (n 5 4 for each Hox 4 gene) embryos
examined 24–30 h after the operation, there was an un-
equivocal difference in the pattern of hybridization on the
control and operated sides of the embryo. A distinct gap in
Hox gene expression, precisely two segments in length, was
present at the site of the graft when the embryos were
examined in whole mount (Fig. 5). This was true for grafts
of both somites and unsegmented paraxial mesoderm.
Although there was a dramatic difference in staining
between the graft and control sides of the embryo at the
level of the graft, it was not 100% clear that the gap was
completely devoid of signal. This is because the neural tube
and more ventral tissues were intensely stained with the
probe and left a blue “tinge” to the area of the gap. In
addition, in several of the embryos hybridized with probes
to Hox a4 and Hox c4, faint but distinct zones of staining
were observed within the gap. In addition, the possibility
did remain that there was some induction at the borders of
the graft, where the implanted somites came in contact
with the host mesoderm. In order to obtain a higher
resolution view of the hybridization pattern, we sectioned
the embryos and detected quail cells with QCPN or chro-
matin stains and delineated the nervous system by immu-
nostaining with the HNK-1 antibody. Examination of serial
sections of every operated embryo showed that even at the
borders of the graft, there was no overlap of quail nucleolar
morphology (or QCPN staining) and blue reaction product.
In those embryos in which faint staining was observed
within the zone of the operation, the hybridization signal
was localized to the DRG, which were of course derived
from host, chicken neural crest (not shown).
The inability to have Hox gene expression induced by
caudal transposition was not limited to cranial somites.
One group of embryos (n 5 3) received transplants of
somites 8 and 9 in the place of somites 17–19. These
Copyright © 1999 by Academic Press. All rightembryos were hybridized with Hox c4, which is normally
expressed in somites 16 and 17, but not somites 8 and 9
(rostral boundary of mesodermal expression—somite 10)
(Burke et al., 1995). A clear gap in Hox c4 expression was
observed in whole mounts, and lack of induction was
confirmed in sections (not shown). Similarly, in chimeras
that had somites 10–14 transplanted in place of somites
19–21, Hox c6 was not induced in the mesoderm.
Rostrocaudal exchange of somites has been shown to
modulate Hox expression and the development of the
adjacent spinal cord (Ensini et al., 1998). We did not see any
obvious differences in Hox group 4 paralog expression
adjacent to the implanted cranial quail somites compared to
the control side of the embryo (Figs. 5G–5N). In addition,
the DRG that developed in the occipital somites expressed
Hox genes at the same levels as in their contralateral,
control counterparts, as described above (see discussion).
We examined chimeras for Hox expression 24–30 h after
operations, since induction of Hox genes has been shown to
occur less than 24 h after transplantation in several studies
using whole mount in situ hybridization (Grapin-Botton et
al., 1995), and after as little as 8 hours in-vitro (Gould et al.,
1998). To be sure, however, that the lack of induction we
observed was not due to insufficient time for the induction
to take place, several (n 5 4) operated embryos were allowed
to survive for 48 to 52 h and hybridized with a probe for Hox
d4. In order to be confident that the probe penetrated the
embryos completely, they were split longitudinally along
the dorsal midline, after the initial fixation. After detection
of the riboprobes, a clear unilateral gap in Hox expression in
the mesoderm was again observed in whole mount (not
shown). Similarly, the lack of induction at the edges of the
graft was confirmed after sectioning (Fig. 5N).
Taken together, these results show that a clear transfor-
mation of morphogenesis of the cranial somites took place
in these embryos; i.e., they formed vertebral cartilage and iv
disks, without concomitant induction of Hox genes in the
mesoderm appropriate to the axial levels of the vertebrae
that they formed.
Transposed Cranial Somites Retain Their Inability
to Support DRG Survival
In normal chick embryos, DRG develop in all but the first
sclerotome, but those in somites 2–6 in the chick subse-
quently degenerate (Figs. 6A and 6B and see references in
the Introduction). We therefore investigated the fate of the
sensory ganglia that developed in cranial somites that were
transplanted to the trunk. At Stages 16–17, while migration
was taking place, the PNS appeared symmetrical on both
sides of embryos that received grafts of cranial paraxial
mesoderm into the neck. NC cells were observed in both
right and left sclerotomes. (n 5 4) (Fig. 7A).
By Stage 21, a dramatic difference was seen between the
DRG on the operated and control sides of the embryo (Figs.
6C, 6D, and 7B). The DRG that developed in the implanted
occipital-derived mesoderm displayed the morphology of
s of reproduction in any form reserved.
514 Kant and GoldsteinFIG. 5. Hox genes are not induced in caudally transposed cranial somites. (A–F) Whole mount detection of Hox 4 group gene expression
in embryos that received transplants of cranial somites to the neck and were sacrificed 1 day later. (A and B) The operated and control sides
respectively of an embryo hybridized with a probe to Hox d4. A clear gap of expression is seen in the mesoderm in A (white arrow). A black
arrow shows the rostral boundary of expression in the paraxial mesoderm, and an asterisk shows the rostral boundary of expression in the
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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515Morphological Plasticity of Transplanted SomitesFrorieps’ ganglia. The ganglia were round in cross-section,
and their peripheral nerve root had all but degenerated. This
was in contrast to the oval-shaped DRG and robust nerve
root on the contralateral control side of the embryo. By
comparison, the degeneration of the DRG in segments 2–4
was more advanced that that observed in the implanted
somites of the same embryos (compare Fig. 6A to 6C and
Fig. 7D to 7B). In addition, in three of four chimeras, the
ganglia were continuous (Fig. 7E), similar to unsegmented
“ganglion crest” remnant of the occipital DRG adjacent to
the caudal hindbrain (Rosen et al., 1996; Kuratani et al.,
1988). Ventral root (Fig. 7E) and sympathetic ganglia (not
shown) segmentation were also affected by the grafts.
At Stage 35, the latest we examined, DRG remnants were
present in all five sectioned embryos (Figs. 2D–2G, 7C, and
7F). The size of the DRG within the graft at this stage
varied, from vestigial, to substantial, including connecting
roots to the spinal cord and ventral root in some cases. In
some cases, the DRG contained large numbers of cells with
characteristic nuclear morphology of apoptosis (not shown).
We had found in an earlier study that in normal embryos at
Stage 35, the longest lived of the Frorieps’ ganglia is only
present in one of five embryos (Rosen et al., 1996). It can
therefore be concluded from these results that the cranial
mesoderm transplanted to the trunk retains its inability to
maintain normal DRG development. The kinetics of the
degeneration are, however, slower, with a lag of several
Hamburger and Hamilton (1951) stages.
Transplanting cranial somites to the thoracic level,
where the DRG normally give rise to the brachial plexus,
also resulted in the development of small, dorsally located
DRG (not shown). In control grafts, where cervical somites
were transplanted to the cervical level, normally sized and
shaped DRG formed in the grafted mesoderm (not shown;
see also Goldstein et al., 1995).
DISCUSSION
The skeletal elements generated by cranial somites of the
chick normally fuse together into the basioccipital bone
that is open dorsally (Couly et al., 1993). We have shown
ere that, when transposed to the neck, cranial somitic
esoderm gives rise to structures are very similar to the
ost vertebrae. These ectopic vertebrae possess almost
neural tube. (C) A dorsal view of the same embryo at higher magn
expression of Hox b4, a4, and c4 respectively, all contain unilateral
to the rostral boundary of expression (black arrows). (G–N) Transver
with a probe to Hox d4 taken at the level of the hindbrain (G), jus
o the graft (J) (approximate levels of the sections are shown in C). T
omite (left side in I), just as there is none in the mesoderm adjace
evel of the graft of embryos hybridized with probes for Hox b4, c4, a
ranial mesoderm (left side of each section). (N) A section through a chim
s clearly no expression of Hox d4 in the paraxial mesoderm on the left
Copyright © 1999 by Academic Press. All rightomplete dorsal neural arches and are separated by iv disks.
o the best of our knowledge, this is the first direct
emonstration that the sclerotome component of somites
as the capacity to change morphogenetic program when
xperimentally challenged by a new environment. Previ-
usly, axial-level-dependent vertebral morphogenesis had
een believed to be determined before paraxial mesoderm
egmentation, based on the generation or lack of generation
f ribs when somites are transposed between cervical and
horacic levels (Kieny et al., 1972).
The transformation of cranial into trunk somites we
bserved was not perfect, however. The cranial somites
ppear to be unable to produce some parts of vertebrae, the
ostal and transverse processes and the portion of the
edicle that surrounds the sympathetic chain. This suggests
hat some aspects of morphogenesis of the somite are
ndeed predetermined by the segmental plate stage. Other
tudies are consistent with the notion that different aspects
f sclerotomal morphogenesis are determined at different
imes. For example, the rostrocaudal polarity of the somitic
esoderm is determined before somitogenesis, which has
een correlated recently with the staggered expression of
airy in the segmental plate (Palmeirim et al., 1997). In
ddition, the rostrocaudal length of the sclerotomes at the
ervical and brachial levels of the axis is determined at the
pithelial somite stage (Goldstein et al., 1995). Dorsal–
entral axis morphogenesis, in contrast, remains plastic for
everal hours after somitogenesis, as has been shown both
y inversion of the somites themselves (Aoyama and
samoto, 1988) and the ability of implanted notochord or
rowth factor-expressing cells to change dorsoventral polar-
ty (reviewed in Ingham, 1995).
Our serial section analysis showed that what appeared
rom whole mounts to be an inability of the cranial somites
o produce a complete neural arch was not the case. Part of
he vertebral structure formed by the cranial somites was
ot cartilaginous; rather, it was composed of connective
issue. It is not clear why there should be incorrect histo-
enesis with correct morphogenesis. In situ, these somites
ive rise to relatively small portions of the occipital bones
Couly et al., 1993). Hox genes have been proposed to act by
ontrolling local proliferation rates (Dubole, 1996). Perhaps
he chondrogenic precursors that lack trunk-level Hox
enes are unable to divide sufficiently, resulting in a limi-
ation on the absolute amount of cartilage the cranial
tion. (D–F) Similar dorsal views of chimeric embryos showing the
in mesodermal expression (white arrows), a few segments caudad
ctions. (G–J) Cross-sections through an operated embryo hybridized
ral to the graft (H), at the level the of the graft (I), and just caudal
is no detectable staining in the sclerotome derived from the cranial
the hindbrain bilaterally in (G). (K–M) Cross-sections through the
4, respectively. All lack induction of Hox genes in the transplantedifica
gaps
se se
t rost
here
nt to
nd aeric embryo that survived 2 days after grafting (see Results). There
, operated side of this embryo.
s of reproduction in any form reserved.
516 Kant and GoldsteinFIG. 6. Morphology of the peripheral nervous system in rostral somites in their normal position (A and B) and when transposed to the neck
at Stage 21 (C and D). Cross-sections through Stage 21 embryos in which somites 9 and 10 were replaced with somites 3 and 4. (A) In somite
2, the transient DRG almost completely degenerated, leaving a structure called the “ganglion crest” (GC). (B) At the level of somite 6 (the
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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517Morphological Plasticity of Transplanted Somitessomites can produce. Our observations do not rule out,
however, the possibility that the connective tissue present
at Stages 35–36 might be replaced by cartilage later in
development.
What is the source of signal that instructs the cranial
somites to undergo morphogenesis appropriate to their new
axial position? The source is unlikely to be the intermedi-
ate mesoderm (on the somites lateral aspect) since we
routinely transplanted this tissue with the somites to retain
rostrocaudal polarity of already segmented somites. The
notochord has been shown not to affect rostrocaudal pat-
terning in the neural tube in some experimental systems
(Darnell et al., 1992; Fukushima et al., 1996), so it too
eems an unlikely candidate. Perhaps a hint can be taken
rom the recent papers examining the posteriorization of
hombomeres (in terms of both gene expression and mor-
hogenesis) in response to caudal tissues. The inducing
ignal was proposed to come from either the plane of the
eural tube or the somites (Grapin-Botton et al., 1995;
tasaki et al., 1996; Gould et al., 1998). Several lines of
vidence suggest the hindbrain posteriorizing signal may be
retinoid, but since it can not pass through filters that
lock only larger molecules, this is not yet definitive. By
nalogy, it is possible that the signal that produced the
odification of the morphological program of the trans-
osed cranial somites observed here is derived from the
eural tube medially or by the host somites rostral and
audal to the graft. It is possible that the same signal that
audalizes rhombomeres is responsible for our observa-
ions. However, the posteriorization of somitic morphogen-
sis we observed apparently occurred without changes in
xpression of Hox genes, in contrast to what has been found
n the hindbrain.
second cervical somite) Frorieps’ ganglia (Fr) are present, on the righ
DRG is present on the control, left side of the micrographs. In mes
D another embryo), a “Frorieps’-like” DRG is present on the righ
Frorieps’ ganglia in (B), than the ganglion crest (that would have de
on both sides of the embryo (D). The asterisks indicate quail-derived
notochord; VR, ventral roots.
FIG. 7. Developmental “history” of DRG that develop in crania
through a Stage 16 (E2.5) embryo in which epithelial somites 9 and
by HNK-1 antibody staining (red) is proceeding normally on the
somite-derived cells can been seen to be stained with an antibody t
with Hoechst nuclear stain (blue). (B) A cross-section through the
in Fig. 6 above), triple stained as in A. The DRG on the right, operate
connecting root (arrow, compare Fig. 6B). The transplanted quail
embryo showing the difference in morphology between DRG in th
DRG (left) at this stage of development. Tissue stained as in Fig. 2
portions of the nervous system of a Stage 21 embryo that received a
side of the embryo (D) three segmentally arranged DRG (yellow) an
that developed in the cranial somitic mesoderm are rounder in
Segmentation of the DRG was perturbed in this embryo, and the d
compared to the control (arrow). A normal DRG develops immediat
tube and DRG of a Stage 35 embryo. On the right, operated side, two sm
rostrad and caudad. The neural tube is depicted in blue in D–F.
Copyright © 1999 by Academic Press. All rightAs discussed above, extensive recent research has inves-
igated the potential of the hindbrain to undergo changes in
ox expression and morphogenesis. This plasticity is al-
ays found in the caudal direction; that is, when caudal
issues are transplanted anteriorly, Hox gene expression is
ot turned off, nor are anterior structures ever found in the
rafted tissues. The transformation of cranial somites into
ertebra-like structures we described here might be thought
o be another example of a general phenomenon of “caudal-
zation.” This is not the case, however. We have now
erformed two types of caudal transpositions, cervical–
rachial (in repetition of Kieny et al., 1972) and brachial–
umbar. In both cases, the grafted tissue developed accord-
ng to its position of origin in the donor embryo. In addition,
e had previously (Goldstein et al., 1995) performed
ervical-brachial (caudal direction) and brachial-cervical
rostral direction) somite transplants. In that study, we
ound that the sclerotomes that developed from the im-
lanted somites were always similar to those from the
onor: i.e., cervical somites moved caudally continued to be
mall and contain small DRG, unlike the large, contralat-
ral host brachial sclerotomes and DRG.
In both the hindbrain neural crest and the spinal cord,
nteriorization has been shown to take place, showing the
xclusive posteriorization in the hindbrain is not a general
henomenon. Ensini et al. (1998) transplanted prospective
rachial neural tube to the thoracic level (caudal) and
horacic neural tube rostrally to the brachial level. It was
bserved that both the patterns of motoneuron markers and
ox c8 expression in the spinal cord were plastic: the
rafted neural tube changed gene expression and structure
o match the new environment regardless of the direction of
he graft. Similarly, when r5-derived crest cells were trans-
a small nerve root still remains (open arrow). In C and D, a normal
m derived from somite 3 or somite 4 (C, same embryo as A and B;
erated side (arrows). This ganglion is much more similar to the
ped there in situ). The sympathetic ganglia (SG) develop normally
oderm that stains with the HNK-1 antibody. SN, spinal nerve; No,
ites transposed to the neck. (A) Migration stage. A cross-section
ere replaced with somites 3 and 4. Neural crest migration, detected
t, operated and left control sides of the embryo. A few cranial
quail perinuclear marker (green). The section was counterstained
of the graft from a Stage 21 (E3) embryo (not one of those shown
e has the appearance of a C2 Frorieps’ ganglion, including the small
are stained green. (C) Transverse section through a Stage 35 (E9)
nsplanted cranial mesoderm (right) compared to a normal cervical
sterisks, DRG; NT, neural tube. (D and E) 3D reconstructions of
of somites 1 and 2 in place of somites 11 and 12. On the unoperated
al nerves (green) are shown. On the operated side (E) the two DRG
ross-section and much smaller than their control counterparts.
l root connecting the DRG to the spinal nerve was much reduced
eyond the graft. (F) Dorsal view of a 3D reconstruction of the neuralt side
oder
t, op
velo
mes
l som
10 w
righ
o the
level
d sid
cells
e tra
G. A
graft
d spin
the c
orsa
ely b
all DRG remnants are seen sandwiched between normal ganglia
s of reproduction in any form reserved.
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518 Kant and Goldsteinposed to a more rostral position, Hox a3 is downregulated,
a case of rostralization (Salvidar et al., 1996). In summary,
only in the hindbrain is there evidence that induced mor-
phological plasticity is exclusively in a posterior direction.
An important role of sclerotome, in addition to being the
anlage for the vertebrae, is to provide an appropriate envi-
ronment for the migration and subsequent development of
neural crest cells that give rise to the ganglia of the
peripheral nervous system. The cranial somites support
neural crest migration and initial dorsal root gangliogen-
esis, but the nascent DRG, the Frorieps’ ganglia, that arise
within them rapidly disappear. The present study shows
that the demise of these DRG is likely to be a property of
the cranial sclerotomes that is determined before overt
somitogenesis, like rostrocaudal polarity. It has already
been suggested that the degeneration of the cranial DRG is
the result of a lack of trophic factors in the cranial somites,
based on neural tube transpositions (Lim et al., 1987). Our
results support this hypothesis and show that this aspect of
cranial somites, in contrast to morphogenesis, is already
fixed at the segmental plate stage.
Several studies in which Hox gene expression was modi-
fied have resulted in changes in the morphogenesis of the
mouse Frorieps’ ganglion C1 and/or the prevertebra/
vertebra in which it develops; the atlas. In mice expressing
Hox b8 in the neuroectoderm and mesoderm to much more
rostral levels than normal, the Frorieps’ ganglion was
shown to survive longer than in control mice (Charite et al.,
994; Fanarraga et al., 1997). The authors suggested
Charite et al., 1994) that this was a result of the change of
ox expression in the NC cells that give rise to the
ransient DRG. We obtained Frorieps’-like morphology of
RG in cranial somites populated by trunk NC cells. This
uggests that Hox gene expression, or rather the lack of it,
n the cranial somites is the cause of the unusual morpho-
enesis of the Frorieps’ DRG. In mouse embryos whose bmi
homologue of Drosophila polycomb) gene was expressed at
igher levels throughout the embryo, the axis vertebra (C2)
as anteriorly transformed into an atlas. Expression of Hox
5 retreated from the level of somites 5 and 6 to 6 and 7,
orrelating with the modified morphology. The C2 DRG
hat developed in the transformed vertebrae in these em-
ryos degenerated and appeared very similar to the C1
rorieps’ DRG. It was suggested in this paper that this
hows that bmi-1 overexpression in the DRG itself is
esponsible for the degeneration. In light of our observation,
nother interpretation would be that levels of Hox expres-
ion in the paraxial mesoderm controls the degeneration of
he Frorieps’ DRG.
None of the four avian Deformed homologues, Hox a–d4,
re induced by caudal transposition at the presomite or
pithelial somite stage (Fig. 4). This observation of the early
etermination of Hox expression in the paraxial mesoderm
s consistent with several published studies (i.e., Grapin-
otton et al., 1995, 1997; Itasaki et al., 1996; Ensini et al.,
998). The rostral limit of Hox b4 and d4 expression is at (or
ery near to) the boundary between cranial and trunk
a
1
Copyright © 1999 by Academic Press. All rightomitic mesoderm in the chick (Burke et al., 1995). There-
ore, certain aspects of vertebral morphogenesis, such as
haping a vertebral body and neural arch by specific pat-
erns of migration/proliferation, can take place without the
xpression of Hox genes normally expressed at vertebra-
forming levels of the axis. In contrast, expression of Hox
genes of the fourth group and caudal may be absolutely
required for costal and transverse process and pedicle and
proximal rib morphogenesis. The Hox code theory of verte-
bral morphogenesis was originally proposed as explaining
the observations that modifications of Hox expression,
directly in transgenic mice or indirectly using retinoic acid,
were consistently correlated with modified vertebral mor-
phogenesis. Our results suggest that not all aspects of
vertebral morphogenesis are necessarily set by Hox genes. It
should be pointed out that chickens have several more
cervical vertebrae than mice, for which the Hox code was
originally proposed. Several of these avian cervical somites
express the same combination of Hox genes (Hox code), but
give rise to vertebrae with slightly different morphologies
from one another.
An alternative explanation for our findings is that the
cranial somites contain a Hox code that instructs them to
form simple vertebrae, but the environment of the develop-
ing skull represses the formation of the neural arch and iv
disks. In order to attempt to address this possibility, we
transplanted cervical somites 9 and 10, in place of cranial
somites 3 and 4 (n 5 4). The grafted somites produced a
neural arch and structures that resembled either transverse
or costal processes (not shown). This does not directly prove
that the environment of the head represses a vertebral
program in the cranial somites in normal embryos. It
suggests, however, that this environment is permissive for
the formation of some elements of vertebrae by trunk
somites (which express their normal complement of Hox
genes when transplanted anteriorly (Itasaki et al., 1996;
Grapin-Botton et al., 1997).
There have recently been several other reports of tissues
hose Hox gene expression pattern has been modified,
ithout affecting morphogenesis, for example, neural crest
erived from rhombomeres r1–r2 transplanted caudad con-
ribute to the hyoid bone. These cells undergo normal hyoid
orphogenesis in spite of the fact that they do not express
ox a3 like as do the r5–r7 NC cells that normally make the
yoid bone (Couly et al., 1998).
In contrast to the mesoderm, the expression of Hox genes
n the neuroectoderm is plastic. Although initially thought
o be specified early and be immutable (Guthrie et al.,
992), several recent studies of Hox expression plasticity in
he hindbrain have shown that this is the exception and not
he rule. Hox gene expression in the neuroectoderm can be
xperimentally modified by neighboring tissues, and the
hange in expression can be either induction or repression.
few studies of Hox-expressing hindbrain-derived NC cellslso support this contention (i.e., Prince and Lumsden,
994; Saldivar et al., 1996). We did not observe repression of
s of reproduction in any form reserved.
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519Morphological Plasticity of Transplanted SomitesHox group 4 genes in the trunk neural tube or DRG by
cranial somites.
Our results may also contribute to the understanding of
the evolution of the vertebrate head. According to the New
Head hypothesis (Gans and Northcutt, 1983), the expansion
of neural derivatives at the anterior end of the embryo
caused the most rostral somites to be incorporated into the
primarily neural-crest derived skull. Experiments with
gain-of-function mice overexpressing caudal Hox genes (i.e.,
essel et al., 1990) and mice treated with retinoic acid
Kessel and Gruss, 1991) have supported this contention. In
oth types of experiments, posterior transformations of
ortions of occipital (skull) bones have produced vertebra-
ike structures (a “pro-atlas”). Our results complement
hese observations, by showing that cranial somites are able
o give rise to most elements of vertebrae when exposed to
he environment of the trunk. Some aspect of this environ-
ent is apparently able to reprogram the morphogenetic
lan of the sclerotome to “remember” its vertebral origins,
ven without induction of the set of Hox genes appropriate
o the new position of the somite.
ACKNOWLEDGMENTS
First, we express our gratitude to B. Motro, for insightful com-
ments on (and criticisms of) the manuscript and gracious help with
the in situs. We are indebted to C. Kalcheim for invaluable
discussions and suggestions. Thanks also to Karen Anderson,
Camila Avivi and Yael Khafi for assistance with some of the
experiments. Plasmids containing probes for Hox b4,c4, and d4
ere generously provided by C. Tabin, and Hox a4 by K. Yutzey.
his work was supported by grants from the Dysautonomia Foun-
ation Inc., the Israel Institute for Psychobiology-Charles Smith
oundation, and the Health Science Center and Research Authority
f Bar-Ilan University, The Aviv Fund for Neuroscience Research.
onoclonal antibody QCPN was obtained from the Developmen-
al Studies Hybridoma Bank developed under the auspices of the
ICHD and maintained by the Department of Biological Services,
niversity of Iowa, Iowa City, Iowa.
REFERENCES
Aoyama, H., and Asamoto, K. (1988). Determination of somite
cells: Independence of cell differentiation and morphogenesis.
Development 104, 15–28.
Burke, A. C., Nelson, C. E., Morgan, B. A., and Tabin, C. J. (1995).
Hox genes and the evolution of vertebrate axial morphology.
Development 121, 333–346.
Charite, J., deGraff, W., Shen, S., and Deschamps, J. (1994). Ectopic
expression of Hoxb-8 causes duplication of the ZPA in the
forelimb and homeotic transformation of axial structures. Cell
78, 589–601.
Couly, G., Coltey, M., and LeDouarin, N. M. (1993). The triple
origin of the skull in higher vertebrates—A study in quail–chick
chimeras. Development 117, 409–429.
Couly, G., Grapin-Botton, A., Coltey, P., Ruhin, B., and LeDouarin,
N. M. (1998). Determination of the identity of the derivatives of
the cephalic neural crest: Incompatibility between Hox gene
Copyright © 1999 by Academic Press. All rightexpression and lower jaw development. Development 125, 3445–
3459.
Darnell, D. K., Schoenwolf, G. C., and Ordahl, C. P. (1992).
Changes in dorsoventral but not rostrocaudal regionalization of
the chick neural tube in the absence of cranial notochord, as
revealed by expression of Engrailed-2. Dev. Dynam. 193, 389–
396.
Dubole, D. (1996). Vertebrate Hox genes and proliferation: An
alternative pathway to homeosis? Curr. Opin. Gen. Dev. 5,
525–528.
Ensini, M., Tsuchida, T., Belting, H., and Jessell, T. M. (1998). The
control of rostrocaudal pattern in the developing spinal cord:
Specification of motor neuron subtype identity is initiated by
signals from the paraxial mesoderm. Development 125, 969–982.
anarraga, M. L., Charite, J., Hage, W., deGraff, W., and Deschamps,
J. (1997). Hoxb-8 gain-of-function transgenic mice exhibit alter-
ations in the peripheral nervous system. J. Neurosci. Methods 71,
11–18.
Fukushima, M., Nakamura, M., Ohta, K., Okamura, R., Negi, A.,
and Tanaka, H. (1996). Regional specification of motoneurons
along the anterior–posterior axis is independent of the notochord.
Development 122, 905–914.
Gans, C., and Northcutt, R. G. (1983). Neural crest and the origin
of vertebrates: A New Head. Science 220, 268–274.
Gaunt, S. J. (1994). Conservation of the Hox code during morpho-
logical evolution. Int. J. Dev. Biol. 38, 549–552.
Goldstein, R. S., and Kalcheim, C. (1992). Determination of epithe-
lial half-somites in skeletal morphogenesis. Development 116,
441–445.
Goldstein, R. S., Avivi, C., and Geffen, R. (1995). Initial axial
level-dependent differences in size of avian dorsal root ganglia are
imposed by the sclerotome. Dev. Biol. 168, 214–222.
Gould, A., Itsaki, N., and Krumlauf, R. (1998). Initiation of rhom-
bomeric Hoxb4 expression requires induction by somites and a
retinoid pathway. Neuron 21, 39–51.
Grapin-Botton, A., Bonnin, M., McNaughton, L. A., Krumlauf, R.,
and LeDouarin, N. M. (1995). Plasticity of transposed rhom-
bomeres: Hox gene function is correlated with phenotypic modi-
fications. Development 121, 2707–2721.
Grapin-Botton, A., Bonnin, M., and LeDouarin, N. M. (1997). Hox
gene induction in the neural tube depends on three parameters:
Competence, signal supply and paralogue group. Development
124, 849–859.
Guthrie, S., Muchamore, I., Kuroiwa, A., Marshall, H., Krumlauf,
R., and Lumsden, A. (1992). Neuroectodermal autonomy of
Hox-2.9 expression revealed by rhombomere transpositions. Na-
ture 356, 157–159.
Hamburger, V., and Hamilton, H. L. (1951). A series of normal
stages in the development of the chick embryo. J. Morphol. 88,
49–92.
Ingham, P. W. (1995). Signalling by hedgehog family proteins in
Drosophila and vertebrate development. Curr. Opin. Gen. Dev.
5, 492–498.
Itasaki, N., Sharpe, J., Morrison, A., and Krumlauf, R. (1996).
Reprogramming Hox expression in the vertebrate hindbrain:
Influence of paraxial mesoderm and rhombomere transposition.
Neuron 16, 487–500.
Kessel, M., Balling, R., and Gruss, P. (1990). Variations of cervical
vertebrae after expression of a Hox-1.1 transgene in mice. Cell
61, 301–308.Kessel, M., and Gruss, P. (1990). Murine developmental control
genes. Science 249, 374–379.
s of reproduction in any form reserved.
520 Kant and GoldsteinKessel, M., and Gruss, P. (1991). Homeotic transformations of
murine vertebrae and concomitant alteration of Hox codes
induced by retinoic acid. Cell 67, 89–104.
Kieny, M., Mauger, A., and Sengel, P. (1972). Early regionalization
of the somitic mesoderm as studied by the development of the
axial skeleton of the chick. Dev. Biol. 28, 142–161.
Krumlauf, R. (1994). Hox genes in vertebrate development. Cell 78,
191–201.
Kuratani, S., Tanaka, S., Ishsikawa, Y., and Zukeran, C. (1988).
Early development of the hypoglossal nerve in the chick embryo
as observed by the whole-mount nerve staining method. Am. J.
Anat. 182, 155–168.
Lim, T. M., Lunn, E. R., Keynes, R. J., and Stern, C. D. (1987). The
differing effects of occipital and trunk somites on neural devel-
opment in the chick embryo. Development 100, 525–533.
McGinnis, W., and Krumlauf, R. (1992). Homeobox genes and axial
patterning. Cell 68, 283–302.
Palmeirim, I., Henrique, D., Ish-Horowicz, D., and Pourquie, O.
(1997). Avian Hairy gene expression indetifies a molecular clock
linked to vertebrate segmentation and somitogenesis. Cell 91,
639–648.
Copyright © 1999 by Academic Press. All rightPrince, V., and Lumsden, A. (1994). Hoxa-2 expression in normal
and transposed rhombomeres: Independent regulation in the
neural tube and neural crest. Development 120, 911–923.
Rosen, O., Geffen, R., Avivi, C., and Goldstein, R. S. (1996).
Growth, proliferation and cell death in the ontogeny of the
transient DRG (“Froriep’s ganglion”) of the chick embryo. J. Neu-
robiol. 30, 219–230.
Saldivar, J. R., Krull, C. E., Krumlauf, R., Ariza-McNaughton, L.,
and Bronner-Fraser, M. E. (1996). Rhombomere of origin deter-
mines autonomous versus environmentally regulated expression
of Hoxa3 in the avian embryo. Development 122, 895–904.
Searcy, R. D., and Yutzey,K. E. (1998). Analysis of Hox gene
expression during early avian heart development. Dev. Dynam.
213, 82–91.
Wilkinson, D. G. (1993). In situ hybridisation. In “Essential Devel-
opmental Biology: A Practical Approach” (C. D. Stern and
P. W. H. Holland, Eds.), pp. 257–276. Oxford Univ. Press, Oxford.
Received for publication July 16, 1999
Revised September 8, 1999
Accepted September 17, 1999
s of reproduction in any form reserved.
